The aim of this study was to describe liver alterations observed in a bullhead (Cottus gobio) population from a high-mountain lake (Dimon Lake; 1857 m a.s.l.) located in Carnic Alps (Northeast Italy). Two fish sampling campaigns (summer and autumn) were performed in 2017 to explore the possible causes of this phenomenon. In addition, to investigate the typical liver features of C. gobio, control specimens were captured from Degano Creek in the same seasons. Total length, weight, and liver weight were recorded in fish from both sampling sites. In addition, Fulton's condition factor (K) and hepatosomatic index (HSI) were calculated. Stomach contents were also analyzed. Liver from each specimen was sampled, and histological examination was carried out. Liver steatosis (L) (nuclear displacement and cytoplasm vacuolization) were histologically evaluated by assigning a semiquantitative severity score. A significant difference in L was found between Dimon Lake and Degano Creek in both summer (Mann-Whitney test; p = 0.0001) and autumn (Mann-Whitney test; p < 0.0001). Regarding HSI, a significant difference was also recorded between Dimon Lake and Degano Creek in summer (Mann-Whitney test; p < 0.0001) and also in autumn (Mann-Whitney test; p < 0.0001), but no seasonal change in K values was recorded between the two sites in both summer (Mann-Whitney test; p = 0.8589) and autumn (Mann-Whitney test; p = 0.6415). A significant positive correlation between HSI and L was found (ρS 0.573). The causes of this abnormality might be related to adaptation by the fish to the high-altitude environment, accumulating lipids in the liver to tackle the adverse season, which lasts for 6 months of the year. Nonetheless, our study does not preclude steatosis induced by a nearly exclusive chironomids diet in bullhead from Dimon Lake.
Introduction
Alpine lakes are extreme ecosystems with harsh climatic conditions. Though located in remote areas, they may be affected by local anthropogenic impacts, such as fish introduction. Most alpine lakes were, in fact, originally fishless, isolated ecosystems. Owing to the relatively small number of native species, the lakes have low resilience to disturbances and can be especially sensitive to the introduction of alien fish for recreational fishing. During the greater part of the year, snow and ice cover prevents sunlight from penetrating the lake water column [1] . Without the penetration of light, photosynthesis is not possible, and the lake waters remain in a long period of darkness [2] , becoming a heterotrophic system isolated from the surrounding area. In early summer, when the snow melts, the lakes quickly shift from extremely low to extremely high solar irradiance correlated with altitude. Low oxygen availability and low temperatures make life at such altitudes challenging, though many species have adapted successfully via physiological changes. Unlike short-term acclimatization (immediate physiological response to a changing environment), high-altitude adaptation means irreversible, evolved physiological responses to high-altitude environments, associated with behavioral and genetic changes.
Published data on fish adaptation to high-altitude environments are scarce. For example, some studies have focused on metabolic rate, as reported in highland westslope cutthroat trout (Oncorhynchus clarkii) as compared with introduced lowland rainbow trout (Oncorhynchus mykiss) in the Oldman River basin (Canada): Fish at high altitudes have a lower metabolic rate [3] . Kang and co-workers [4] investigated the genetic mechanism of high-altitude adaptation in Creteuchiloglanis macropterus (Siluriformes) and found that many genes were involved in energy metabolism and hypoxia, which might be an important resource for studying adaptations to a high-altitude environment. Li and co-workers [5] characterized the mitochondrial genomes of two species ("morphologically primitive" clade and "morphologically specialized" clade) of schizothoracine fishes. They reported evidence for positive selection acting on the protein-encoding genes in the mitochondrial genomes of the "morphologically specialized" clade, implying a possible genetic basis for high-altitude adaptation in this derived lineage of cypriniform fish.
Other studies on macrobenthic invertebrates in streams have showed a decrease in species richness with increasing altitude due to lower oxygen saturation rather than low temperature [6] . These factors may reduce productivity in high-altitude ecosystems, meaning there will be less energy available for consumption, growth, and activity, which provides a survival advantage to fish with lower metabolic demands. During 2017, two fish sampling campaigns were conducted in a highmountain lake (Dimon Lake) located in the Carnic Alps (northeast Italy). Liver examination revealed alterations in specimens of the bullhead (Cottus gobio). The aim of this study was to describe the liver alterations observed in C. gobio and discuss the possible causes of this abnormality.
Materials and Methods

Study Sites
The main study site was Dimon Lake (46°34′05.4″ N; 13°03′45.8″ E), a high-mountain lake located in the Carnic Alps (municipality of Ligosullo, Udine Province, Friuli Venezia-Giulia Region, northeast Italy) at 1857 m a.s.l. The Carnic Alps are among the most remote areas in Italy. Anthropic impacts are very limited, except for pasturing activity. Dimon Lake is a typical glacial-origin lake, classified as a Site of Community Interest and Special Areas of Conservation (SCI/SAC-IT3320002 "Monti Dimon e Paularo"). Originally a fishless lake, fish were introduced for recreational fishing in the past [7] . The lake lies on sandstone and volcanic rocks; it measures 376 m in perimeter, 0.6 ha in surface area, and has a maximum depth of 4.27 m. For the purposes of comparison in this study, C. gobio individuals were captured in Degano Creek (46°26′21.9″ N; 12°52′43.6″ E), a sub-alpine watercourse near the municipality of Raveo (520 m a.s.l.), about 40 km from Dimon Lake, with scarce human impacts ( Figure 1 ). The comparison of lake vs. stream populations was dictated by the absence of C. gobio in other high-altitude lakes in northeast Italy. 
Fish Sampling
In 2017, two fish sampling campaigns (July and October) were performed. These two months were chosen because of accessibility, which is usually limited by snowfall from early November to June. Fish were sampled using an electrofishing boat in both the littoral and the deep zones (maximum depth 4.27 m). The fish were identified and measured for length (TL; cm) and weight (W; g). Fulton's condition factor (K) was also calculated for each specimen. The K factor was derived from the following formula [8] :
where W is the weight (g) and TL is the total length of the fish (cm). A total of 35 fish (15 in the summer and 20 in the autumn campaign) were sampled, euthanized with an overdose of tricaine methanesulfonate MS-222 (50 mg kg −1 ), and then necropsied. The liver from each specimen was weighted to calculate the hepatosomatic index (HSI) using the formula [9] :
where LW is the liver weight (g) and FW is the whole weight of the fish (g). Liver was sampled for histological evaluation. Only larger fish were selected in order to have enough material for all histological analyses (see Section 2.4). Moreover, as control fish, we also performed two sampling campaigns in the same periods (July and October) using electrofishing in Degano Creek. Only 10 individuals both for summer and autumn were captured to avoid putting pressure on the wild native population. TL, W, and LW were determined and HSI and K were calculated. Fish sampling campaigns were performed by permission of Ente Tutela Patrimonio Ittico del Friuli Venezia-Giulia (authorization n. 11/DIR/17/01/2017).
Analysis of Stomach Contents
In both sampling campaigns the stomach contents of the fish from Dimon Lake were analyzed to obtain more detailed information about their diet. The stomachs were preserved in alcohol 70% and the content was identified by optical microscope (Olympus BX40, Olympus, Tokyo, Japan) and stereomicroscope (Zeiss Stemis V8, Zeiss, Shangkeheng, Germany). An attempt was made to identify the ingested prey to the lowest recognizable taxa, but accurate identification was often not possible due to digestion of the prey. Stomach content analysis was also performed on the fish from Degano Creek. In order to describe the diet, the prey frequency of occurrence (Fi) [10] was calculated for both seasons.
Histological Evaluation
A total of 35 liver samples were partly fixed in 10% neutral buffered formalin and partly frozen. The fixed tissues were dehydrated in a gradual series of alcohols and embedded in paraffin. The paraffin blocks were cut into 4 ± 2 mm sections and stained with hematoxylin and eosin (HE) for microscopic evaluation. Histological changes (nuclear displacement and cytoplasm vacuolization) to define liver steatosis were evaluated and a semiquantitative severity score was assigned: 0-not observed; 1-mild; 2-moderate; 3-severe [11] . Histochemical stains, Periodic-acid Schiff (PAS) to detect mucopolysaccharides and Sudan III to detect lipids, were also performed [12] . Slides were evaluated microscopically at increasing magnification (10×, 20×, 40×) on a Zeiss Axio Scope.A1 microscope. Samples were considered positive for the presence of red-purple glycogen or orange lipidic deposits in hepatocyte cytoplasm for PAS and Sudan III stain, respectively.
Statistical Analysis
The Wilcoxon test was performed to compare (a) the liver steatosis score (L), (b) the hepatosomatic index (HSI), and (c) the K values between seasons in Dimon Lake and in Degano Creek. Mann-Whitney U tests were used for pairwise comparison of L, HSI, and K values of C. gobio in Dimon Lake vs. Degano Creek in both summer and autumn. Spearman's rank correlation coefficient (ρS) was used to test correlations between L, W, HIS, and K. Differences were considered significant with a p value <0.05. All statistical analyses were performed using GraphPad Prism version 8.0.1 (GraphPad Software, San Diego, CA, USA).
Results
Fish Sampling and Anatomopathological Features
Values of TL, W, K, LW, and HIS for C. gobio captured in Dimon Lake and Degano Creek are reported in Tables 1 and 2, respectively. Regarding Dimon Lake, the average TL for C. gobio captured during the summer campaign was 13.88 ± 1.12 cm, with an average W of 31.20 ± 7.54 g. The average TL of individuals captured during autumn was 13.25 ± 1.37 with an average W of 26.70 ± 6.89 g. K values ranged between 1.15 ± 0.12 in summer and 1.14 ± 0.15 in autumn. LW ranged between 0.85 ± 0.14 in summer and 0.82 ± 0.24 in autumn. HSI ranged between 2.80 ± 0.38 in summer and 3.08 ± 0.39 in autumn (Table 3) . At necropsy, the livers appeared variably pale to yellowish in color and friable in consistency; no visible lesions in the other visceral organs were observed ( Figure 2 ).
In Degano Creek, the average TL of individuals captured during summer was 14.24 ± 0.86 cm with an average W of 33.60 ± 6.15 g. Instead, during autumn, individuals showed a TL of 12.36 ± 1.76 cm with a W of 23.10 ± 9.04 g. K values ranged between 1.16 ± 0.14 in summer and 1.17 ± 0.14 in autumn. LW ranged between 0.54 ± 0.12 in summer and 0.36 ± 0.14 in autumn. HIS ranged between 1.60 ± 0.15 in summer and 1.60 ± 0.10 in autumn (Table 3) . No lesions in organs were observed, liver included ( Figure 3 ).
Statistical analysis showed no seasonal differences in the liver steatosis score in Dimon Lake (Wilcoxon test; p = 0.6719), but a significant difference was found between Dimon Lake and Degano Creek in both summer (Mann-Whitney test; p = 0.0001) and autumn (Mann-Whitney test; p < 0.0001) ( Table 3 ). Regarding HSI, no seasonal differences were observed in Dimon Lake (Wilcoxon test; p = 0.1173), but a significant difference were recorded between Dimon Lake and Degano Creek in summer (Mann-Whitney test; p < 0.0001) and also in autumn (Mann-Whitney test; p < 0.0001) ( Table  3) . No seasonal change in K values was recorded in Dimon Lake (Wilcoxon test; p = 0.5696), not even between Dimon Lake and Degano Creek in both summer (Mann-Whitney test; p = 0.8589) and autumn (Mann-Whitney test; p = 0.6415). A significant positive correlation between HIS and L was found (ρS 0.573). 
Stomach Contents Analysis
The analysis of the stomach contents showed that C. gobio from Dimon Lake fed chiefly on Chironomidae larvae in both summer (96.18%) and autumn (98.30%). Other taxa were present in extremely low proportions (Chironomidae pupae: 3.18% in summer and 0.79% in autumn; Tricoptera: 0.64% in summer and 0.39% in autumn; Tricoptera Limnephilidae: 0% in summer and 0.52% in autumn). Stomach content analysis of the Degano Creek fish revealed Tricoptera (42.63% in summer; 34.03% in autumn), Ephemeroptera (7.5% in summer; 5.8% in autumn), and Plecoptera (4.1% in summer and 2.5% in autumn).
Histological Analysis
Histology of the liver samples of C. gobio from Dimon Lake showed a range of cytoplasm vacuolization of hepatocytes from mild (score 1) to severe (score 3) in 33 specimens, with multifocal to diffuse localization (Figure 4 ). Only two specimens showed no hepatic lesions (score 0). Nuclear displacement and cytoplasm vacuolization are depicted in Figure 5 . Table 1 presents the liver steatosis score (L) for each specimen examined. Table 3 presents median values of L for both seasons.
Sudan III was positive in all the samples with a high vacuolization score (2-3) (Figure 6a ). PAS stain positivity was inversely proportional to the histological score (Figure 6b ). Fish with grade 3 showed only rare residual glycogen deposits in hepatocytes.
Finally, individuals used as the control and sampled from Degano Creek showed no hepatocyte vacuolization (score 0; Figure 4a ) in both seasons, except a few cases with a score of 1. Median values of L are also reported in Table 3 . 
Discussion
High-altitude ecosystems are rare and important habitats that host endemic and endangered species characterized by specific adaptations to extreme conditions. These ecosystems are often subject to direct anthropic pressure, such as the introduction of alien species. For example, fish species introduced for recreational fishing in originally fishless alpine lakes in Italy [13] have become a serious threat to aquatic biodiversity, especially for amphibian communities. Species (predators, such as salmonids, but also forage fish) reared in aquaculture facilities were transported by fishermen or fishing associations, placed in these environments, and forced to live in oligotrophic waters with scarce prey [14] . Bullhead (Cottus gobio) naturally inhabits stony-bottom, oxygen-rich, cool-water streams and rivers. The altitude ranges from high-altitude streams to lowland rivers. Cottus gobio is a retiring fish [15] . This relates to its high vulnerability to predation; for this reason, cover and shade are extremely important habitat features for bullhead. Generally, the bullhead diet is based on benthic invertebrates and its feeding activity is concentrated around dawn and dusk because it is susceptible to predators during the day. While autochthonous to the Padano-Veneto district (Friuli-Venezia Giulia included) [16] , the species was introduced accidentally with brook trout (Salvelinus fontinalis) to Dimon Lake in the 1980s [17] . S. fontinalis is presumably no longer present in the lake since we caught none.
Our study started with the aim of exploring the fish community of the lake. After discovering bullhead specimens with pronounced steatosis, we decided to investigate this abnormal condition and pose a hypothesis for its cause. Stomach contents analysis was performed to understand nutritional requirements, trophic and energy dynamics, food webs, food chains, material, and energy transfers between and within ecosystems [18] . This is an important part of studying feeding habits and, in general terms, a necessary step in research into the more complex questions of freshwater fish ecology. We analyzed the stomach contents of C. gobio sampled during two seasons both in Dimon Lake and Degano Creek to determine whether there were differences in diet across the two seasons [18] . Stomach content analysis showed that C. gobio from Dimon Lake feed mostly on Chironomidae larvae. This could be justified by the relative, great abundance, and almost exclusive presence of Chironomidae larvae in the lake [19] , and it could also be explained by the feed ecology of this species, since this taxon is most easy to prey than other aquatic macroinvertebrates. In fact, C. gobio is a stationary benthic feeder, which shows a well-developed homing instinct [20] . Indeed, Hirudinea and Oligochaeta taxa are also present in this lake [19] , but more endobenthic than Chironomidae, thus more difficult to hunt, justifying the bullhead preference for Chironomidae. Generally, C. gobio prey on a wide range of insect larvae as Plecoptera, Trichoptera, Ephemeroptera, and Diptera [21] [22] [23] [24] , as recorded in Degano Creek. Nevertheless, bullhead was found to be predominantly food generalists, with an ability to shift their feeding strategy towards specialization when exposed to environmental disturbances [25] . Comparison of the histological evaluations on fish from the two different sites (lake vs. stream) showed that only C. gobio from Dimon Lake was affected by mediumsevere (score 2-3) liver steatosis. Lipid accumulation in the hepatocytes in this species or in fish living in other alpine lakes has never been reported in the literature to date. Our study is the first report of this phenomenon. Two hypotheses for the causes of these histological alterations can be offered. The first posits for adaptation of the fish to the winter season, which in this type of environment lasts for 6 months of the year. Our results clearly reveal that HSI values were significantly lower in Degano Creek compared to Dimon Lake in both seasons. Furthermore, a slight increase in the hepatosomatic index was recorded in autumn compared to summer in Dimon Lake. In this situation, it can be assumed that the bullhead from Dimon Lake accumulates lipids in the liver and then use them as fuel for energy in the adverse season (winter).
Adaptive processes are often based on biochemical and physiological adaptations. Lipids play a key role in biochemical adaptation in animals, especially in aquatic organisms, and they are of pivotal importance for long-term energy storage. Adaptations provide an effective response to stressors (e.g., changes in water temperature or oxygen). In some cases, fish may be able to adapt by changing their behavior, but more often it is through physiological adaptations, especially at the cell membrane level. Temperature, for instance, can be considered a stressor that acts to establish a new balance between the environment and the biochemical properties of cell membranes. Fish respond to environmental temperatures by activating a suite of compensatory mechanisms operating mainly at the cellular and subcellular levels of organization [26] . For example, carps progressively cooled from 30 °C to 23, 17, and 10 °C showed substantial changes in the fatty acid composition of the endoplasmic reticulum phospholipids, with increasing proportions of unsaturated fatty acids and changes in the activity of other biosynthetic enzymes [27, 28] .
Animals develop a complicated metabolic system to adapt to changes in nutritional states. In nature, when food is plentiful, animals eat and store the excess energy as lipids. This is a survival strategy for animals when food is not readily available [29] . Lipids are the most important biochemical compounds of fish [30] . Fish store lipids in muscles and liver [31] in contrast to mammals, which store lipids in adipose tissue. Most of these lipids are transferred to different parts of the body for various physiological actions [32] . In some fish species, extensive lipid infiltration into the liver is not considered pathological, since the liver works as a major lipid storage organ, especially in autumn [33, 34] . However, in our study, we found no significant statistical difference in liver alterations between summer and autumn seasons. Kandemir and Polat [31] investigated seasonal and monthly variations in the amount of total lipid and fatty acids in the muscle and liver of reared rainbow trout (Oncorhynchus mykiss). Lipid levels were higher in summer, autumn, and winter than in spring. Furthermore, the amount of total lipid and fatty acid was higher in the liver than in muscle tissue. Active fish store their lipids in muscle tissues, but fish living at the bottom store their lipids in the liver [35] , as seen in the Cottus gobio in our study. These considerations seem to corroborate our hypothesis. However, values of K did not show significant difference between fish from Dimon Lake and Degano Creek, indicating a robustness and good state of nutrition of both populations [36] . In this case, the use of Fulton's condition factor did not allow us to predict the lipid accumulation, as also previously suggested [37] .
The second hypothesis rests on the diet of bullhead, and consequently the lipid content of chironomids, which are the only trophic resource available for this species. Bogut and co-workers [38] showed how Chironomus plumosus larvae represent a potential suitable natural component of farm fish, with a crude fat content of 1.3% and 9.7% in fresh larvae and dry matter, respectively. Timon-David [39] reported a similar percentage of lipids (8.3%) for adults of Chironomus spp. and larva. Lipids are high-energy nutrients and typically make up about 7% to 15% of a fish diet [40] . Nevertheless, an adult diet of Chironomid larvae may induce liver steatosis in reared male Nothobranchius furzeri [41] . For this reason, we cannot exclude that the presence of only chironomids as feed could be the cause of the steatosis observed in the bullhead samples.
Steatosis can be also induced by environmental contaminants, such as cadmium [42] , but we excluded this possibility since Cd concentrations in bullhead from Dimon Lake were under the limit of quantification (0.02 mg kg −1 ) as reported by Polazzo [19] .
Morphological modifications, such as hepatocyte vacuolization, may also be interpreted as a response to a pathological process caused by infections or parasites [43, 44] , but we did not find bacteria or parasites in the fish during a survey performed in the same animals as reported by Pastorino and co-workers [7] .
Further investigations are needed to explore this phenomenon, for example, by analyzing the composition of the total body fat in chironomids present in the lake or by determining the lipid profile in the livers of bullhead specimens.
All organisms need to adapt to their habitat if they are to survive. Our results suggest that fish may also implement strategies, such as physiological changes (lipid accumulation) or changes in feed preferences, to survive in adverse conditions.
